Increasing attention has been devoted to lipid peroxidation mediated by free radicals because of its potential role in various diseases. [1] [2] [3] The peroxidation involved in these diseases takes place in the cell membranes. The high content of polyunsaturated fatty acids of cell membranes makes them sensitive to lipid peroxidation. Lipids of cellular membranes are complex mixtures of molecular species that include glycerophospholipids that can be divided into the polar head group and the nonpolar core, defined by the fatty acids esterified at sn-1 and sn-2 of the glycerol backbone. The oxidative stability of membrane phospholipids is often discussed in terms of their component fatty acids; thus, the effects of fatty acids on membrane functionality are welldocumented, [4] [5] [6] but relatively little is known about the effects of the positional distribution of fatty acids on the glycerol backbone. Animal tissue contains phospholipids of molecular species defined by a saturated esterified fatty acid, usually 16 or 18 carbons in length, at the sn-1 position of glycerol and an unsaturated esterified fatty acid that is usually bound at the sn-2 position. 7) Hence we have studied the effects of the sn-positions of esterified unsaturated fatty acid on the peroxidation of phosphatidylcholine liposomes. We used three molecular species of PC: 1-palmitoyl-2-linoleoyl-3-sn-phosphatidylcholine (PLPC), a saturated palmitic acid esterified at the sn-1 position of glycerol and an unsaturated linoleic acid at the sn-2 position, 1-linoleoyl-2-palmitoyl-3-sn-phosphatidylcholine (LPPC), the unsaturated acid esterified at the sn-1 position and the saturated acid at the sn-2 position), and a 1:1 molar-ratio mixture of 1,2-dilinoleoyl-3-sn-phosphatidylcholine (DLPC) and 1,2-dipalmitoyl-3-sn-phosphatidylcholine (DPPC) (Fig. 1) .
Since cholesterol is an essential component of biological membranes and plays a crucial role in membrane organization, dynamics, and function, 8) the effects of added cholesterol on the peroxidation of the molecular species of PC targets were also assessed. Lipids are subject to free-radical attacks at both the outer and the inner sites of the membrane. Azo-compounds are known to generate free radicals at a controlled rate by their spontaneous thermal decomposition. 9) Hence PC peroxidation was initiated by either the addition of a water-soluble free radical initiator, 2,2 0 -azobis(2-amidinopropane) dihydrochloride (AAPH), or a lipidsoluble free radical initiator, 2,2 0 -azobis(4-methoxy-2,4-dimethylvaleronitrile) (MeOAMVN).
Materials and Methods
Materials. DPPC was purchased from Wako Pure Chemical Industries (Osaka, Japan). DLPC was synthesized with 1,2-diacylation of sn-glycero-3-phosphocholine (Sigma, St. Louis, MO) with linoleic acid anhydride. 10) PLPC and LPPC were synthesized by 2-acylation of 1-palmitoyl-and 1-linoleoyl-3-sn-glycerophosphocholines with linoleic and palmitic acid anhydrides respectively. 10) 1-Palmitoyl-and 1-linoleoyl-3-sn-glycerophosphocholine were prepared from DPPC and DLPC respectively by phospholipase A 2 treatment.
11) Linoleic and palmitic acid anhydrides were synthesized from the reaction of the corresponding fatty acid (99%, Sigma) with dicyclohexylcarbodiimide. 12) Each PC was purified by reversed-phase high performance liquid chromatography (HPLC) using an Inertsil Prep ODS column (20 Â 250 mm, GL Sciences, Tokyo) with methanol. The concentration y To whom correspondence should be addressed. Fax: +81-58-293-2930; E-mail: yamautir@gifu-u.ac.jp Abbreviations: AAPH, 2,2 0 -azobis(2-amidinopropane) dihydrochloride; DLPC, 1,2-dilinoleoyl-3-sn-phosphatidylcholine; DPPC, 1,2-dipalmitoyl-3-sn-phosphatidylcholine; HPLC, high performance liquid chromatography; LPPC, 1-linoleoyl-2-palmitoyl-3-sn-phosphatidylcholine; LUV, large unilamellar vesicles; MeOAMVN, 2,2 0 -azobis(4-methoxy-2,4-dimethylvaleronitrile); MLV, multi-lamellar vesicles; PC, phosphatidylcholine; PC-OOH, phosphatidylcholine hydroperoxide; PLPC, 1-palmitoyl-2-linoleoyl-3-sn-phosphatidylcholine of each purified PC was determined from its phosphorus content. 13) Authentic PC monohydroperoxides (PC-OOH) were prepared by oxidation of each PC with soybean lipoxygenase-1 (Sigma), 14) and purified by HPLC under the conditions described above. DLPC gave two types of hydroperoxides by the HPLC separation: monohydoperoxides (DLPC-OOH) consisting of one hydroperoxylinoleate and one unoxidized linoleate component, and dihydroperoxides (DLPC-(OOH) 2 ) consisting of two hydroperoxylinoleate components. 15) Cholesterol, AAPH, and MeOAMVN were purchased from Wako. Cholesterol was recrystallized from methanol before use.
HPLC. HPLC was done with a Jasco TRI ROTAR-V pump (Japan Spectroscopic, Tokyo) connected to a Jasco 875-UV detector. Chromatography was done using an Inertsil C8-3 column (4:0 Â 150 mm, 5 mm particles, GL Sciences). For analysis of PC-OOH, the mobile phase consisting of methanol and water (95:5 by vol.) was delivered isocratically at a flow rate of 0.8 ml/min. PC-OOH was monitored by the absorbance at 234 nm. Figure 2 shows typical chromatograms of PCOOH during the peroxidation of PLPC, LPPC, and DLPC. PC-OOH and PC hydroxides (PC-OH) could not be resolved under this HPLC condition, but we have done another HPLC condition to separate PC-OOH and the corresponding PC-OH. 16, 17) No detectable PC-OH was formed under the present PC peroxidation conditions (data not shown). The concentration of PC-OOH was calculated from the standard curve of authentic PC-OOH prepared from lipoxygenase-catalyzed PC peroxidation. The amounts of PC-OOH from DLPC were calculated as the sum of DLPC-OOH and DLPC-(OOH) 2 . One mole of DLPC-(OOH) 2 was counted as two moles of monohydroperoxides.
Preparation of liposomes. The PC solution was placed in a test tube and evaporated in vacuo and then under a stream of nitrogen to remove completely the organic solvent. To this was added sodium phosphate buffer (10 mM, pH 7.4, containing 150 mM NaCl), and the thin lipid film on the glass wall was dispersed with a Vortex mixer for 2 min to obtain milky multilamellar vesicles (MLV). Large unilamellar vesicles (LUVs) were prepared from the MLV by an extrusion method.
18) The suspension of MLV was passed through a polycarbonate filter (pore diameter 100 nm) mounted in an extrusion apparatus (LiposoFast, Avestin, Ottawa, Canada) 19 times to give LUV liposomes.
Lipid peroxidation in LUV liposomes and in solution. Lipid peroxidation was initiated by the free-radical generating azo compounds. Experiments with a water-soluble radical initiator were started by the addition of AAPH dissolved in sodium phosphate buffer to the LUV liposomes, whereas MeOAMVN was mixed with PC before the preparation of liposomes in the lipid-soluble radical initiator experiments. In some experiments, cholesterol was added to PC before the preparation of liposomes. In all the experiments, the final concentration of PC was 2 mM, and incubation was carried out in a shaking waterbath set at 37 C. To get the same amount of linoleoyl and palmitoyl moieties, the same molecules of DLPC and DPPC were mixed to make a final PC concentration of 2 mM. The final concentration of azoinitiators in LUV was adjusted to 0.2 mM for AAPH and 0.1 mM for MeOAMVN. In the homogenous solution, PC (2 mM) and MeOAMVN (10 mM) were dissolved in acetonitrile-methanol (1:9 by vol.), and incubation was carried out in a shaking water-bath set at 37 C.
Kinetic parameter calculation. The kinetic parameters of PC peroxidation in solution and in LUV were measured by the induction-period method. 19) -Tocopherol (final concentration in liposomes 50 nM) was added to the reaction system before liposomal preparation. The initiation rate (R i ), expressed by eq. 1 was determined by the concentration [IH] of -tocopherol and the induction period (t inh ):
The propagation rate (R p ) was calculated from the slope of PC-OOH formation at the initial stage:
where k p is the propagation rate constant, k t is the termination rate constant, and [LH] is the substrate concentration. The substrate oxidizability was deduced as follows:
The kinetic chain length, which gives the number of lipid hydroperoxides formed per initiating radical, was obtained from the ratio R p to R i . 
Results
Formation rate of PC-OOH in homogenous solution PLPC, LPPC, and DLPC/DPPC were oxidized in acetonitrile/methanol (1:9 by vol.) solution by lipidsoluble MeOAMVN. Figure 3 shows the slope of linear regression of PC-OOH formation for each PC. PC-OOH in each PC solution accumulated with a constant rate at the initial stage of peroxidation. No difference was observed in PC-OOH accumulation among the three types of PCs. This means that the linoleate distribution on the glycerol backbone has no effect on PC peroxidation in homogenous solution. Also, the addition of cholesterol (40 mol % based on PC) to each PC solution had no effect on the rate of PC-OOH formation.
Comparison of kinetic parameters of ULV from PLPC, LPPC, and DLPC/DPPC ULV liposomes prepared from PLPC, LPPC, and DLPC/DPPC were oxidized by two radical generators (Figs. 4 and 5) . The kinetic parameters obtained from the PC-OOH accumulation curves are shown in Table 1 . The propagation rate (R p ) value of the LPPC liposomes was slightly lower than those of PLPC and DLPC/DPPC liposomes when lipid peroxidation was initiated by AAPH. The oxidizability and kinetic chain length of LPPC liposomes were significantly lower than those of the PLPC and DLPC/DPPC liposomes in this system, although the PLPC and DLPC/DPPC liposomes yielded almost the same values for the peroxidation kinetic parameters. These results indicate that the linoleoyl moiety bound at the sn-1 position is less sensitive than that bound at the sn-2 position against water-soluble free radicals. In the lipid-soluble radical generating system, however, the R p value for PLPC was significantly lower than those for the LPPC and DLPC/DPPC liposomes. PLPC liposomes also displayed significantly lower oxidizability and kinetic chain-length values. This implies that the linoleoyl moiety attached at the sn-2 position of PC is relatively stable against radical attack in the inner part of lipid membranes. A reaction system consisting of PC (2 mM) and AAPH (0.2 mM) in 10 mM sodium phosphate buffer (pH 7.4, containing 150 mM NaCl) with and without cholesterol (0.8 mM) was incubated at 37
Each value is expressed as the mean AE SD for three separate experiments. A reaction system consisting of PC (2 mM) and MeOAMVN (0.1 mM) in 10 mM sodium phosphate buffer (pH 7.4, containing 150 mM NaCl) with or without cholesterol (0.8 mM) was incubated at 37
Each value is expressed as the mean AE SD for three separate experiments. The effect of positional distribution of fatty acids on LUV peroxidation was displayed prominently by cholesterol incorporation into the bilayer membranes (Figs. 4 and 5 ). In the system initiated by a watersoluble radical generator, increasing the cholesterol ratio to PLPC or LPPC liposomes inhibited lipid peroxidation in a dose-dependent manner (Table 2) . On the other hand, cholesterol addition was less efficient for inhibition of PC-OOH accumulation in DLPC/DPPC liposomes. The same inhibitory effect was observed in the MeOAMVN-initiated system. The addition of cholesterol to PLPC liposomes showed more effectiveness for R p inhibition whether peroxidation was initiated by a water-soluble or a lipid-soluble radical generator (Fig. 6 ). This indicates that the PC bearing linoleoyl moiety at the sn-2 position is more suitable for cholesterol packing in liposomes.
Discussion
Lipid peroxidation of liposomes is affected by certain factors such as the fatty acid compositions of the phospholipids and the types of radical generators. [20] [21] [22] In the present study, we investigated the effects of sn-positions of esterified unsaturated fatty acid on PCs in the initial stage of lipid peroxidation using a watersoluble or a lipid-soluble radical generator. When peroxidation of LUV liposomes was initiated by AAPH, the linoleoyl moiety substituted at the sn-1 position was less sensitive than that at the sn-2 position to the aqueous radicals (Table 1 ). This positional effect of acyl chains might be related to the hydration behavior of PCs. 23) Both sn-1 and sn-2 acyl chains have two different degrees of hydration. One carbonyl is exposed to the aqueous phase and the other is hidden on the membrane plane. This might make the closer carbonyl to the hydrophilic head more exposed to the aqueous radicals and therefore enhanced the lipid oxidizability. On the other hand, the linoleoyl moiety at the sn-1 position was found to be more sensitive to attack by lipid-soluble radicals derived from MeOAMVN (Table 1) . This sensitivity might be due to the influence of the dipole potential of phospholipids.
24) The closer the double bond to the polar head of PC, the stronger is the activation energy required to abstract hydrogen from the bis-allylic position of the unsaturated acyl chain. Consequently, the sn-1 position of unsaturated acyl chains oxidized more easily. DLPC has two linoleoyl chains, and this assures that at least one other linoleate is nearby when the first linoleate is oxidized. This was confirmed by the formation of dihydroperoxides during DLPC peroxidation in addition to monohydroperoxides (Fig. 2) . Hence DLPC was thought to be easily susceptible to lipid peroxidation. However, it underwent relatively moderate peroxidation compared to PLPC and LPPC liposomes. This might have been due to the presence of DPPC, which acts as a spacer to block chain propagation in the bilayer. 20) Cholesterol is one of the major components of biomembranes, yet its effect on the peroxidation of membrane lipids is not fully understood. Our results indicate that cholesterol in PLPC and LPPC liposomes inhibited lipid peroxidation in a dose-dependent manner when initiated by AAPH (Table 2) . Mowri et al. 25) noted that cholesterol incorporation into liposomes suppressed the peroxidation rate. They suggested a relationship between membrane fluidity and the rate of peroxidation of bilayer lipids. Cholesterol has also been reported to increase the oxidative stability of PC liposomes. 26) Therefore, changes in the physical states of liposomes due to cholesterol addition might be an important factor affecting the rate of lipid peroxidation. 27) In lipid-soluble MeOAMVN-initiated peroxidation, cholesterol addition displayed low protection as compared to AAPH-initiated peroxidation. Free radicals derived from MeOAMVN are present in the inner part of the bilayer and can easily attack unsaturated acyl chains even if the physiological properties of the membranes are changed by the addition of cholesterol. Thus, the inhibitory effect of cholesterol is limited.
In conclusion, the sn-position of unsaturated fatty chains of PC molecules and the cholesterol content of liposomes are important factors affecting their susceptibility to lipid peroxidation. Animal tissue contains PLPC-type molecular species. Thus the unsaturated acyl moiety attached at the sn-2 position of PC might be relatively stable against free radicals attacking from the inner part of lipid membranes, whereas this position is more sensitive to attack from the aqueous side.
